With the increasing number of deep offshore production wells, it becomes essential to develop, test and qualify new hydraulic control fluids with enhanced temperature and pressure ranges. These requirements apply especially with focus on the avoidance of hydrate formation in subsea control systems. Due to these technical reasons, but also due to recent changes in environmental legislation, the qualification of new control fluids has become one of the central topics of Cameron's R&D activities.
Introduction
With the increasing number of deep offshore production wells, it becomes more and more essential to develop, test and qualify new hydraulic control fluids with enhanced temperature and pressure ranges, but also with the capability of avoiding hydrate formation in subsea control systems. Furthermore all new control fluids need to comply with the latest changes in environmental legislation, which had a significant impact on the control fluid market in general.
The risk of hydrate formation in the flow lines of subsea systems especially during unplanned shutdowns has been widely discussed in the past, mainly related to the topic of flow assurance. However with certain combinations of high pressures, low temperatures and light hydrocarbons (e.g. C-1, methane) they can also form with the water based control fluids within subsea control systems and can lead to highly undesirable production shutdowns.
The two philosophies to cope with the risk of hydrate formation are prevention and mitigation. In fact hydrates can be decomposed by increasing temperatures and/or decreasing pressures, but even at these conditions the dissociation process is very slow. Therefore the prevention of hydrate formation is clearly the preferable approach.
It is obvious, that the highest level of security can be reached if it is possible to avoid the operational conditions that might cause the formation of hydrates. If the specific field conditions do not allow this, dedicated measures can be taken to prevent formation of hydrates. In flow lines this is usually done by the injection of chemicals. The most common inhibitors are methanol, monoethylene glycol (MEG) and diethylene glycol (DEG), which shift the hydrate equilibrium conditions towards lower temperatures and higher pressures.
For subsea control systems different prevention strategies apply, due to the fact that no chemical injection is possible. The most promising approach is the selection of a hydraulic control fluid that provides the respective properties and safety margins. This is in addition to the normal considerations for maximum operating temperature and pressure that the fluid will see in the well. In fact it is required to analyze all critical field parameters and to determine the actual risk of hydrate formation by establishing a hydrate formation and dissociation diagram. These diagrams can be used as a basis for the selection and/or development of a hydraulic control fluid, which then provides a sufficient safety margin to the hydrate risk area.
If the field parameters require specific fluid properties and these can only be met by the use of a new control fluid, this implies potential risks for the reliability of the subsea control system itself. In order to minimize the risks associated with the approval of a not known and not tested control fluid for the subsea use, a comprehensive test and qualification program is required. The recommended qualification approach is briefly outlined and discussed. It is based on the ISO 13628-6 specifications, but requires significant additional testing efforts.
New Control Fluid for Hydrate Prevention

Fluid Requirements
With deepwater fields requiring equipment to operate at increasing pressures and temperatures there is a need for Feature: Subsea Control Fluids: Avoidance of Hydrate Formation the hydraulic fluids to deliver reliable operation under more extreme conditions. This together with the need to comply with the ever tightening environmental legislation forms the two major drivers for control fluid development.
Operator experience with control of high pressure gas wells using water based control fluids, showed that under certain non-standard conditions hydrates could form in the hydraulic control lines. These lines run from the base of the tree to the downhole safety valve, and the formation of a hydrate blockage would prevent function of the SCSSV. Remedial work on this safety critical device is both difficult and expensive. To develop a control fluid to inhibit hydrate formation requires a good understanding of the conditions needed for their formation. This required working closely with a University to gain the specialist knowledge and use of equipment to study hydrates [1] . Minimising impact to the environment is a major concern for everyone involved in subsea operations; and the second part of any new product development programme is to provide environmental assurance without compromising system reliability. A continuous process of monitoring environmental legislation around the world ensures that any new product will comply with the region it's being marketed in. In the North Sea the post 2006 OSPAR environmental legislation applies. This is currently the tightest environmental legislation for offshore chemicals, and other countries are looking to adopt these guidelines to suit their local environments.
The requirements are that a new product is tested for Toxicity, Biodegradability and Bioaccumulation at a component level, i.e. every chemical that makes up the finished product, irrespective of concentration. Any substance that falls outside the tight pass limits will be designated as substitutable, and will have a warning marked against it. A list of products used by the operator will be visible to the local environmental authority, who will want to see a plan for when substitutable components will be removed from use. A proactive stance of working with government and industry bodies helps to shape future law, and leads the industry in designing increasingly cleaner products and systems.
Hydrate Formation
Hydrates are crystalline solid compounds formed from a combination of water and light gases ( Figure 1 ). Gas hydrates (or clathrate hydrates) are ice-like crystalline molecular complexes formed from mixtures of water and suitably sized 'guest' gas molecules. The water (host) molecules, upon hydrogen bonding, form lattice structures with several interstitial cavities. The guest gas molecules can occupy the lattice cavities, and when a minimum number of cavities are filled, the crystalline structure will become stable and solid gas hydrates will form, even at temperatures well above the melting point of water ice.
Figure 1:
The gas hydrate structure [2] , [3] There are four conditions which are required for hydrate formation: presence of water; high pressure; low temperature; hydrocarbons (e.g. C-1, methane).
Water based control fluids are typically composed of water, MEG and a number of performance enhancing additives (antiwear, anticorrosion, biocide etc). Therefore in a normal state the high pressure (HP) control line already has 3 out of 4 elements for hydrate formation: water from the control fluid and external contamination such as sea water; high pressure controls to function the SCSSV; low temperature, sea bed temperature (4°C) at start-up, after a prolonged shut-in or potentially in cooler parts of the tree.
Each reservoir has a different gas composition and this has an effect on the conditions at which hydrates will form; typically impurities such as ethane suppress the hydrate inhibition characteristics of control fluids. The presence of seawater dilutes the effective concentration of MEG in the control fluid allowing hydrates to form at a higher temperature / lower pressure.
The following are important factors to understand in managing hydrates: · Clearly defining control system temperature and pressure conditions · The impact of different gas compositions on the hydrate risk profile · The impact of system contamination such as seawater · Measuring the hydrate inhibition characteristics of control fluids and selecting the control fluid / safety margin requirements for a given set of conditions. · Continuing to ensure the integrity of the safety valve (hydraulically operated) actuator.
With an understanding of the hydrate inhibition characteristics of the control fluid at operational pressure and temperature conditions the hydrate risk can be quantified and managed. Extensive work has been carried out on the Castrol Transaqua range of products to determine how the hydrate inhibition characteristics could be affected by: · chemistry in the product that influences hydrate inhibition properties (for example changing the % of monoethylene glycol (MEG) in water glycol based control fluid); · changes in control fluid manufacturing standards (specifically quality control on any additives that have a significant impact on hydrate inhibition properties) e.g. MEG in Castrol Transaqua HT.
In Figure 2 the region to the right of the curve covers pressures and temperatures at which hydrates are thermodynamically unstable [4] Feature: Subsea Control Fluids: Avoidance of Hydrate Formation and is therefore 'hydrate free' as indicated. The region labelled 'hydrate risk' is where stable hydrates can exist, although in practice they may not form due to a failure to nucleate and/or slow formation kinetics. In the 'hydrate zone' the degree of sub-cooling [1] is sufficient such that hydrates form spontaneously. Sub-cooling is the difference between the hydrate dissociation temperature and the system temperature.
Hydrate formation temperature: Temperature/Pressure conditions at which hydrates will definitely form. This represents the boundary between Hydrate Risk and Hydrate Zone.
Hydrate dissociation temperature: Temperature/Pressure conditions at which hydrates may form. This represents the boundary between Hydrate Risk and Hydrate Free. This is a higher temperature than the hydrate formation temperature.
The temperature range between dissociation and formation represents the potential risk zone (metastable zone).
Test Method and Fluid Selection
A test chamber is filled with the hydraulic fluid under test. The chamber is pressurised using methane gas up to the required pressure. Once stabilized, the chamber temperature is reduced to determine hydrate formation and heated to determine the dissociation temperature.
The experiment commences from point A (Figure 3) , a fluid is cooled progressively to point B where the hydrate dissociation locus is traversed. The system then enters the metastable region where hydrates are thermodynamically stable but may or may not form depending on kinetic considerations. The fluid is then cooled slowly to point C where hydrates are formed spontaneously and rapidly cause the system pressure to reduce (due to the abstraction of gas into the crystal structure) to point D. The system temperature is then increased slowly at almost isobaric conditions, until hydrate dissociation begins at point E. The system then follows an upwards trajectory as the temperature is increased (due to the liberation of gas) until point B is reached once more when the hydrate dissociation curve is crossed at the 'thermodynamic point'.
The standard approach is to measure three hydrate dissociation points to allow a phase boundary curve to be generated. The points are plotted and a line fitted through them to give the hydrate phase boundary for methane hydrates. The conditions at 4°C are highlighted. A typical curve is shown in Figure 4. 
Effect of additional MEG
The Castrol Transaqua ranges of water glycol based control fluids all contain MEG. The MEG% content affects the density, viscosity, and pour point of the control fluid. MEG is a known thermodynamic hydrate inhibitor and is commonly used as an injection chemical to prevent hydrate formation in export pipelines. 
It should be noted that there is a popular misconception that the higher the level of MEG, the lower the freezing point -that is not true for all concentrations. The freezing point of a water-glycol mixture drops from 0°C to about -55°C as the MEG% increases from 0% to 60% (it's not linear). Above 60% MEG the freezing point rises again, and at 100% MEG it is -13°C.
Subsea Production System (SPS) requirements:
· Lower % MEG = lower density & viscosity for fastest SPS system response · Higher % MEG = higher density for positive hydrostatic head verses seawater Completion requirements: · Higher % MEG for improved hydrate inhibition · Lower % MEG to minimise density and therefore hydrostatic head on SCSSV/Spring strength/set depth.
Change in MEG % Density Viscosity Pour Point / Freezing Point
Decrease % Decreases Decreases Raises towards 0°C
Increase % Increases Increases Lowers pour point (*NB) Figure 3 : Phase boundary diagram (example graph [2] ); Test Cell (bottom) Figure 5 illustrates the hydrate dissociation points for methane hydrates formed in the presence of Castrol Transaqua HT and HC10. The lines for each %MEG represent the boundary between hydrate free on the right hand side of each line and hydrate risk on the left hand side of each line. The addition of MEG does not affect the other performance properties of the control fluid and all testing to date shows consistent performance.
Fluid Selection for Field Conditions
The graph in Figure 6 shows the hydrate curve for Castrol Transaqua HT, and the newly developed product Castrol Transaqua HC10. The duty point for a typical HP deepwater development has been marked on the graph. It is obvious that using Castrol Transaqua HT would put the duty point well into the hydrate risk zone. Any leakage of gas into the control line from the SCSSV would have the potential of causing hydrate formation at the cold point in the control line i.e. where it is exposed to seawater at the base of the tree. By selecting Castrol Transaqua HC10 the duty point is in the hydrate free zone with a 4°C safety margin. It is clear that having accurate data on the field conditions is vital in making the correct control fluid selection, and mitigating the risk of hydrate formation.
Qualification Process for a Hydraulic Control Fluid
The qualification process for a new hydraulic control fluid consists of mainly three different, quite time consuming test programs. The ISO 13628-6 "Subsea production control systems" (identical with API 17F) details and specifies the required tests and pass criteria for the qualification of the hydraulic control fluid itself. For the fundamental question of fluid / material compatibility, the ISO specification provides only very general criteria. The critical materials used e.g. for the sealing functionality within the directional control valves need dedicated focus. Partly additional test specifications and criteria for verification purposes are required. [5] The ISO 13628-6 specification covers the basic test requirements, but more and more additional verification testing is needed the more material, equipment and project specifics come into the equation. Figure 7 illustrates the coverage, but also the gaps of the ISO specification with regards to the control fluid qualification process.
A practical approach has been developed to cover both, fluid and material compatibility tests in conformance with the ISO standard and the required additional verification tests for critical materials. For general confirmation of fluid compatibility and also especially for the approval of the fluid for subsea production projects, well defined equipment validation testing is mandatory.
Over a 12 weeks program all metals, polymers, sintered and coated parts which are used in the control system and which are in contact with the hydraulic fluid are tested for compatibility. The tests are carried out using a dedicated test procedure which follows ISO 13628-6 Annex C, but includes additional tests, analysis and verifications. Usually the tests specified in the ISO document are run by the control fluid vendors, while the additional tests are run by independent laboratories.
The metals, sintered and coated parts are immersed in neat fluid and fluid mixed with 10% seawater at 60°C to accelerate the corrosion process and other chemical reactions. During a 12 week period the weight loss of different test coupons is measured and they are visually A possible change in the pH value is determined and an ICP Analysis is run as well in order to determine how much material has dissolved into the fluid. Depending on the result of the tests or the criticality of the material for the system, further analysis as sectioning and SEM-micrographs of the samples will be performed. These additional verifications are not specified within the ISO specification and need to be specified by procedures provided by the controls equipment vendors.
The elastomers are also immersed in neat fluid and fluid mixed with 10% seawater, but here at 70°C for 12 weeks. During this period the volume changes (swelling) and the change in hardness of the samples are measured. The elastomers are also visually inspected with focus on cracks or other changes in appearance. The fluid is checked for solid particles and the pH value is measured.
Although the ISO 13628-6 annex C does state that the test criteria specifies a "fluid compatibility test" and not a "material compatibility test", the basic acceptance criteria for the material compatibility tests usually derive from the ISO specification. Of course the qualification of a material for the use in subsea systems needs to take much more factors into account. The ISO testing cannot guarantee that the materials will perform within the subsea control system for the 25 years design life in their specific application. Here it is mandatory to perform life cycle tests and further long-term tests if required.
Due to the fact that the different DCV modules are largely standardized, it is not required to re-qualify each individual valve type. The validation of the HP DCV is required for the fluid qualification tests, as this valve module is subjected to the highest pressures during operation. The validation of the LP choke control valve module is required, as it is subjected to the highest cycle count during operation. These tests usually already give a good indication upon compatibility as inadequate fluid properties would be noticed at one of these valve modules first.
After completion of the validation test program the valve modules are disassembled and inspected under the microscope. All metal components as well as the elastomers under test are inspected for potential fluid related degradation. The key components with sealing functionality will be reviewed in greater detail. Especially since it is known that some binder materials of different tungsten carbide grades can be washed out during operation, these hard metal parts need to be carefully analysed. SEM analysis is used for inspecting the integrity of the relevant sealing surfaces.
Conclusions
The major drivers for development of new subsea control fluids are increasing pressure and temperature requirements of new deepwater fields and also the need to comply with the ever tightening environmental legislation. The first factor raises new risks such as the potential of hydrate formation within the subsea control system. The second factor addresses the important goal of reducing environmental impact, but at the same time demanding no compromise in performance. The technical challenge for the fluid vendor is to deliver products which offer an increased performance envelope, high reliability and full environmental compliance. The technical challenge for the control system vendor is to verify and qualify these products the use in their field applications.
The control fluid 'Castrol Transaqua HC10' is the first fluid in the market providing these features and is now on the verge to be qualified for the use in its first subsea application. Cameron has started a comprehensive compatibility test program in order to approve the new fluid for the subsea use. The qualification program is based on ISO 13628-6 and is supported by additional tests specified by Cameron procedures and documents.
